Abstract: Stable isotope analysis of diet switching by fishes often is hampered by slow turnover rates of the tissues analyzed (usually muscle or fins). We examined epidermal mucus as a potentially faster turnover ''tissue'' that might provide a more rapid assessment of diet switching. In a controlled hatchery experiment, we switched the diet of juvenile steelhead (sea-run rainbow trout, Oncorhynchus mykiss) from a plant-based feed with low d 13 C and d 15 N to a fish-meal-based diet with higher delta values. We found mucus to provide a significantly more rapid response to diet switching (half-life = 36 days for d 15 N, 30 days for d 13 C) than muscle tissue (half-life = 94 days for d 15 N, 136 days for d 13 C), even for growing juvenile fish. Mucus may provide a rapid turnover ''tissue'' for analysis of diet (or habitat) switching by fish. It has the additional advantage that it may be sampled nonlethally in some fishes, thereby avoiding problems in studying threatened or endangered species. This is the first report of the use of fish mucus in stable isotope analyses of fish tissues.
Introduction
The analysis of stable isotope ratios in fish can be a powerful tool for studying fish ecology, including, for example, movement of fish from one habitat (and diet) to another (e.g., Maruyama et al. 2001) or diet switching by a resident species to make use of migratory prey (e.g., MacAvoy et al. 2001) . Studies of diet switching by vertebrates (Dalerum and Angerbjörn 2005) and fishes in particular (Herzka 2005) often are hampered by rates of growth or tissue turnover that are relatively slow to reflect changes in diet (Hesslein et al. 1993 ).
Our search for a ''tissue'' that might respond faster led us to consider epidermal mucus. Fish mucus consists primarily of long chains of glycoproteins (Shephard 1994) . Mucus serves a host of functions in fish (e.g., disease resistance, osmotic and ionic regulation, defense against abrasion), and its composition may vary by species, sex, life history stage, and health (Shephard 1994 ). An indication of how rapidly ingested material may appear in fish mucus was provided by Horsberg and Høy (1991) , who found that following a single oral dose, diflubenzuron (a chitin synthesis inhibitor) appeared in the mucus of Atlantic salmon (Salmo salar) within 12 h and peaked in 2 days.
The first stable isotope analysis of mucus of any animal was reported for earthworms by Schmidt et al. (1999) and further explored by Dyckmans et al. (2005) . In both cases, those researchers found significantly faster turnover in mucus than in muscle tissue, with mucus turnover being modeled more satisfactorily by a two-pool model. To better understand the rates of change of stable isotopes in fish mucus compared with rates for muscle tissue, we conducted controlled studies of diet switching in hatchery-raised fish. We know of no prior reports of stable isotope analysis of mucus in fish.
Materials and methods

Sampling
Steelhead (sea-run rainbow trout, Oncorhynchus mykiss) were grown from fertilized eggs from multiple adult steelhead obtained from the Alsea River Hatchery, Alsea, Oregon, USA. Fry were placed in tanks at the Oregon Hatchery Research Center, Alsea, Oregon for feeding at 90 days after fertilization (17 May 2006; mean wet weight ± standard error (SE) = 0.24 ± 0.007 g; mean fork length ± SE = 31.3 ± 0.37 mm; n = 30). Feed to initiate growth was #0 Moore Clark Nutra Starter (d 15 N = 8.3% ± 0.07% SE; d 13 C = -19.9% ± 0.05% SE; n = 5), a fish-meal-based diet. At 2 months (17 July 2006; mean wet weight ± SE = 2.63 ± 0.43 g; mean fork length ± SE = 61.0 ± 2.67 mm; n = 10), we switched the fish to a 1 mm feed formulated to be predominantly plant-based, with low delta values for d 15 N (2.8% ± 0.01% SE and d 13 C (-23.2% ± 0.01% SE; n = 8). Fish grew on this feed until the start of the experimental diet switch (31 October 2006; mean wet weight ± SE = 18.4 ± 1.72 g; mean fork length ± SE = 116.3 ± 4.96 mm; n = 20) to a 1 mm feed formulated with fish meal to have higher delta values (d 15 N = 13.3% ± 0.02% SE; d 13 C = -18.1% ± 0.01% SE; n = 8 at experiment start; d 15 N = 13.4% ± 0.02% SE; d 13 C = -18.0% ± 0.01% SE; n = 7 at experiment end). We maintained the fish on this diet for the remainder of the experiment.
Fish (n = 10) were sacrificed twice a day for the first 4 days of the diet switch, daily for the next week, and approximately weekly thereafter until 5 March 2007 (mean wet weight ± SE = 46.1 ± 2.44 g; mean fork length ± SE = 168.1 ± 2.51 mm; n = 10). On 26 June 2007, we sampled one fish (wet weight = 88.2 g, fork length = 204 mm) for mucus by placing it in a plastic bag, lightly rubbing it for 20 s, then replacing it in its rearing tank (a prior survival experiment with 15 steelhead (R. Church, unpublished data) had established that such sampling could be done without affecting either short-term or long-term survival). One week later, we sacrificed this fish for muscle tissue analysis. This fish was not fed during the interim period. All samples were frozen immediately in individual plastic bags then transported to the laboratory on ice and maintained frozen (-20 8C) until tissue preparation for stable isotope analysis.
We collected epidermal mucus from individual sacrificed fish by the following procedure. Each fish was thawed at room temperature for 5 min. We lightly scraped mucus from the dorsal surface of each fish with a spatula, transferred the scrapings to a 20 mL glass scintillation vial, then added three successive 5 mL washings of reverse osmosis (RO) water to the vial, mixing between washings. We filtered the solution through a polycarbonate filter (5 mm) into a 50 mL glass vial to remove any scales or debris and then added 5 mL RO water through the filter as a final rinse. For the single sample taken by the nonlethal bag technique, we added 20 mL of RO water to the bag, rinsed the bag by shaking it, and then decanted the solution and filtered it as above. We froze the resultant filtrate solutions overnight, then freeze-dried them for 48 h. The resultant material was mixed by spatula prior to weighing for isotopic analysis.
For muscle tissue analyses, we removed 0.5-5 g (depending on size of the fish) of dorsal muscle anterior to the dorsal fin from each fish, freeze-dried it for 48 h, then ground it to a fine powder with a ball and mill grinder prior to weighing.
Isotopic analysis
Isotopic analysis was performed on approximately 1 mg (weighed to 0.001 mg) of the prepared muscle and mucus material using a Delta XP isotope-ratio mass spectrometer (Thermo Finnigan, Bremen, Germany) coupled to a Costech ECS 4010 elemental analyzer with zero blank autosampler.
Isotope ratios were expressed as in units of per mil (%) by
where X = 15 N or 13 C, R is 15 N/ 14 N or 13 C/ 12 C, and atmospheric nitrogen and Pee-Dee Belemnite carbonate are the standards (0%). Overall analytical precision (standard deviation) for our analyses based on repeated measures of an internal standard of adult steelhead carcass (d 15 N = 11.5%, d 13 C = -20.2%; n = 17), replicate samples (n = 21 pairs), and four secondary working standards (n = 68) analyzed with our samples was within ±0.1% for both d 15 N and d 13 C. We lipid-adjusted d 13 C results for muscle tissue (mean C:N ± SE = 3.59 ± 0.03, mean of adjustments ± SE = 0.23% ± 0.03%, n = 118) and also for the fish meal (diet switch) feed (mean C:N ± SE = 6.46 ± 0.01, mean of adjustments ± SE = 3.08% ± 0.01%, n = 15) using C:N ratios according to the approach and recommendations of Post et al. (2007) . We did not lipid-adjust d 13 C results for mucus samples (mean C:N ± SE = 3.41 ± 0.02, n = 118), as glycoproteins dominate the composition of mucus (together with a lesser mix of nonlipid components) (Shephard 1994) .
Rates of change
Immediately after the diet switch (31 October 2006), there was a generalized cessation of feeding by the fish for approximately 1 week as the fish became accustomed to the new diet. This hiatus in feeding was apparent as the fish, which had been growing in an exponential fashion (R. Church, unpublished data), immediately ceased to grow. Based on observed feeding and growth patterns, we selected 8 November 2006 as the date of the switch to the new diet for analyzing the population rates of change of isotopic ratios for mucus and muscle tissues. We excluded six fish (5% of the fish analyzed) from the early stages of the analysis of rates of change because it was apparent from the isotopic analysis that prior to the diet switch they had been consuming either small live fish from the population or, as occasionally observed, parts of fish that had perished and had not yet been removed from the tank.
We modeled changes in d 15 N and d 13 C for both muscle and mucus using the equation of Hesslein et al. (1993) : 
Results and discussion
Once fish began feeding, isotopic ratios rose for both muscle tissue and mucus in an exponential manner consistent with eq. 2. Isotopic ratios responded faster for fish mucus than for fish muscle for both d 15 N and d 13 C (Figs. 1a  and 1b , Table 1 The coefficient of growth (k, day -1 ), as computed from fish weights (eq. 3), was 0.0065 (SE = 0.0004) and was not significantly different from that of the muscle tissue lumped parameter (k + m) for either d 15 N or d 13 C, thus precluding a meaningful calculation of a metabolic turnover rate (m) for muscle tissue. The comparison indicates that growth during this experiment dominated the change in isotopic ratios of muscle tissue. This is not surprising given the age and growth stage of the fish used here.
Our analyses provide estimates of d final for muscle and mucus for both d 15 N and d 13 C and thus for the computation of fractionation at equilibrium with the new diet ( tissue (e.g., McCutchan et al. 2003) , but this is the first time that it has been determined for fish mucus. The companion equilibrium tissue differences for (d muscled mucus ) also may be calculated readily from our results.
The coefficient of isotopic change for mucus (Table 1 ) is a new entity in stable isotope analyses of fish. Mucus is a small pool (as opposed to muscle) that is continually being synthesized, excreted, and then lost from the skin surface. Changes in isotopic ratios within mucus likely are a function of a shifting balance in synthesis between two primary pools -newly ingested feed and recycled peptides and amino acids from catabolized tissues (predominantly muscle). Consequently, the isotopic ratios for mucus will depend on isotopic ratios in both newly ingested feed and recycled tissues, as well as on attendant suites of fractionations during breakdown and synthesis. Examinations of concurrent patterns of changes in isotopic ratios of mucus and other tissues (e.g., muscle, liver) could shed new light on questions of tissue turnover in fish as a function of life stage and growth rate, a subject of consid- Note: Significance levels for modeled curve fitting are shown: ***, P < 0.0001; **, P < 0.001; *, P < 0.01. Half-life t 1/2 = ln (2)/(k + m). Different letters (a, b) indicate significant difference for a two-sample t test (a = 0.05). Growth was determined from weights of individual fish according to W t = W 0 e kt (r 2 = 0.91, P < 0.0001). SE, standard error; NA, not applicable.
erable interest (e.g., Herzka 2005) . In addition, multiple tissues with different turnover rates can be effectively used in identifying diet shifts and their timing (Phillips and Eldridge 2006) . We have reported here the first instance of the use of fish mucus to quantify diet switching by fish. In our experiment, the rates of change for mucus were substantially faster than those of muscle tissues, even with our actively growing fish. With appropriately timed sampling designs, stable isotope ratio analysis of mucus could be of benefit in determining diet switching in wild populations where the duration of the shift is short and (or) the growth rates of the target organisms are low (Hesslein et al. 1993; MacAvoy et al. 2001 ). There are additional benefits where mucus may be collected nonlethally by the bag method we have described, especially for threatened or endangered species. Nonlethal collections of mucus may be combined with nonlethal fin clips to provide information on switches in diets and (or) habitats over both short and long time scales, respectively, without compromising sensitive populations.
